Hair cells of the bullfrog sacculus adapt to maintained displacement stimuli in a manner that suggests an active regulation of the tension stimulus reaching transduction channels. We have examined adaptation in dissociated hair cells by whole-cell patch-clamp recording and video microscopy. Adaptation was present in these cells, and it depended on extracellular calcium. The adaptation rate-as well as the position of the resting current-displacement curve-also depended on membrane potential, suggesting that calcium passes into the cytoplasm to reach its site of action. After abrupt hyperpolarization, the adaptation rate increased within milliseconds, suggesting that the calcium site is within a few micrometers of the ion channels through which calcium enters. The voltage dependence of the resting current-displacement curve, together with the "gating springs" hypothesis for transduction, predicts movement of the bundle away from the kinocilium when the cell is depolarized. This was observed.
The bullfrog sacculus is exquisitely sensitive to linear acceleration: vibratory accelerations of only 1 mm s-2 saturate the output of the organ (1) . Yet the static acceleration of gravity is 4 orders of magnitude greater. In fact, the receptor cells of the sacculus possess an extraordinary feedback mechanism-adaptation-which shifts the sensitive range of the cells within tens of milliseconds so as to cancel static biases. Adaptation has been studied most extensively by in vitro microphonic recording from the bullfrog sacculus (2, 3) . In these experiments, which measure the receptor current of several hundred hair cells stimulated en masse, a maintained displacement of the stereociliary bundles elicits a transduction current, which declines to a steady level in '100 ms. This decrement in current is not an inactivation process; rather, it is due to a shift in the relation between bundle displacement and receptor current-the I(X) curve-in the direction of the adapting step. If bundle displacement directly communicates tension to the transduction channels (4), then adaptation in response to positive displacements (toward the kinocilium) must act to relax the mechanical input, favoring reclosure of the channels, while adaptation to negative stimuli (away from the kinocilium) restores tension, favoring reopening. In fact, positive displacements produce a mechanical relaxation, which can be directly observed as an increase in bundle compliance with the same time course as adaptation (5) .
Little is known of the cellular mechanism of adaptation. Higher extracellular calcium increases the rate of adaptation to both positive and negative stimuli and shifts the resting I(X) curve so there are fewer channels open at rest (3, 6) . In this study, we have examined the effects of membrane potential and extracellular calcium concentration on adaptation in single isolated hair cells from the bullfrog sacculus to localize the specific site of action of calcium. The results are consistent with a calcium site very near the transduction channels. They also predict a voltage-dependent bundle movement, which was observed with video microscopy. A preliminary report of this work has appeared (7).
MATERIALS AND METHODS
Preparation. Saccular hair cells from adult bullfrogs (Rana catesbeiana) were dissociated following a procedure modified from Lewis and Hudspeth (8) . Sacculi were exposed, and an oxygenated papain solution [0.5 mg of papain per ml (Calbiochem) and 2.5 mM L-cysteine] was dripped into the perilymphatic space for 30 min at room temperature; this procedure and all subsequent steps of the dissociation were done in a low-calcium saline containing 120 mM Na, 2 mM K, 0.1 mM Ca, 122 mM Cl, 3 mM dextrose, and 5 mM Hepes (pH 7.25). After a 1-min wash with bovine serum albumin (0.5 mg/ml) (Sigma), maculae were dissected from the frog into a dish and incubated for 30 min in bacterial protease type XXIV (50 ,ug/ml) (Sigma) to loosen the overlying otolithic membranes. Single cells were dissociated from the maculae with an eyelash and settled onto the clean glass bottom of the recording chamber. This procedure, in which papain was largely prevented from reaching the mechanically sensitive hair bundles by tight junctions between hair cells and supporting cells, resulted in a substantially higher proportion of transducing cells and larger transduction currents than with other protocols (8, 9) .
Mechanical Stimulation. Mechanical displacements were delivered to the stereociliary bundle using a stiff glass probe driven by a two-dimensional piezoelectric bimorph stimulator that moved in the horizontal plane (10) . The probe tip adhered directly to the kinociliary bulb; a photodiode provided an optical monitor of probe movement near its attachment to the bundle. In addition, the stimulus probe and attached stereociliary bundle were directly observed at high magnification (x 10,000) with an analog-enhanced video camera system (Hamamatsu C2400) to assess the relative motion of the bundle and cell body.
Electrical Recording. Membrane currents were recorded by whole-cell patch-clamp recording (11, 12) Solutions. Electrodes were filled with an internal solution containing 120 mM Cs, 47 mM Cl, 43 mM F, 2 mM Mg, 10 mM EDTA or EGTA, and 5 mM Hepes (pH 7.25). The recording chamber was continually perfused with an oxygenated roomtemperature bath solution containing 120 mM Na, 4 mM Ca, 2 mM K, 128 mM Cl, 3 mM dextrose, and 5 mM Hepes. In some experiments, a low-calcium solution (125.6 mM Na, 0.1 mM Ca, 2 mM K, 3 mM dextrose, and 5 mM Hepes) was puffed from a second pipette onto the cell with a solenoidcontrolled pressure pulse. The puffer pipette (tip diameter, 1 ,um) was positioned [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Am from the stereociliary bundle; outflow was visualized with phenol red in control experiments.
RESULTS
The Current-Displacement Relation. Dissociated hair cells were responsive to mechanical stimuli: maximal inward transduction currents were typically 50-300 pA in response to positive displacements at a holding potential of -80 mV. Fig. LA illustrates the responses to a triangle-wave displacement of the hair bundle. Positive displacements (toward the kinocilium) elicited an inward current, which saturated with increasing displacement, while negative displacements turned off a resting inward current. The transduction current was plotted against bundle displacement to generate a current-displacement [I(X)] curve (Fig. 1B) . A striking feature of the sigmoidal l(X) curve was a pronounced negative hysteresis: the I(X) curves corresponding to increasing or decreasing half cycles of the stimulus were shifted along the dis- Fig. 2 , instantaneous I(X) curves were generated by delivering a series of test steps at three time points during a 0.7-,um displacement lasting 100 ms. During the maintained stimulus, the I(X) curve moved rightward along the displacement axis, following a roughly exponential time course. Thus, the transduction current did not inactivate-there was no decrement in the peak-to-peak current-rather, it declined be- Proc. Natl. Acad. Sci. USA 86 (1989) cause the l(X) curve shifted so that fewer channels were open. This experiment argued as well against a third possible artifact: activation of a slowly developing outward current that summed with the transduction current. An outward current would have shifted the I(X) curve upward along the current axis. No such vertical offset was observed.
Dependence on Calcium and Membrane Potential. As in the in vitro microphonic preparation (3), the rate of adaptation was sensitive to the concentration ofextracellular calcium. In the experiment of Fig. 3A , the hair cell was maintained in a bath solution containing 4 mM calcium. Bundle displacement elicited a transduction current that declined during the step. When the stereociliary bundle was then superfused by applying slight positive pressure to a micropipette containing a 0.1 mM calcium solution, the same displacement produced a more slowly declining current. Furthermore, the amount of negative hysteresis in I(X) curves obtained from trianglewave stimulation was greater in 4 mM than in 0.1 mM external calcium (see below).
These results do not distinguish between an extra-or intracellular site for the action of calcium, since calcium can enter the stereocilia through transduction channels (9, 15) . However, if the site is intracellular, the rate of adaptation should be sensitive to membrane potential, since calcium flux through open transduction channels should be voltage dependent. Although the current-voltage relation for calcium in physiological saline is not known, simple models for ion permeation predict an e-fold increase in influx for each 20-50 mV of hyperpolarization (16) . On the other hand, calcium binding to a site located outside the membrane's electric fleld should be unaffected by membrane potential. In fact, the adaptation rate was voltage dependent. In the experiment shown in Fig. 3B , the same 0.7-,um step displacement was delivered to a cell held between -110 and +90 mV. The decline in current was quite pronounced at the negative holding potentials, but it was virtually absent at +60 and +90 mV.
For the most part, procedures that reduce the adaptation rate to positive displacements (such as lowering calcium) appear to increase the tension in the putative "gating springs." That is, they shift the resting curve toward the left A 0 100 ms so that more channels are open at rest (6) . Fig. 4 illustrates that depolarization, which reduced adaptation (Fig. 3) , also shifted the position of the resting I(X) curve toward the left. The I(X) curves were generated by a series of 5-ms step displacements, with the holding potential alternated between +80 and -80 mV. At -80 mV, the transduction current was nearly 0 at rest, but at +80 mV, the I(X) curve was shifted left along the displacement axis so that 42% of the channels were open at rest. Changing the membrane potential resulted in more than a simple shift, however: I(X) curves generated at -80 mV were consistently steeper than those measured at +80 mV (see Discussion). The voltage dependence of the l(X) curve immediately presents a potential artifact: since the I(X) curve is sigmoidal, the same mechanical displacement may be saturating at +80 mV, but not -80 mV, so that at +80 mV the same rate of adaptive shift-along the displacement axis-would produce a slower decline in current. Similarly, the shallower slope of the I(X) curve at +80 mV would produce a slower decline. However, two observations argue strongly against this possibility. First, there was a pronounced negative hysteresis in I(X) curves derived from triangle-wave stimulation at -80 mV, but not +80 mV, and there was no current decline for small nonsaturating steps at +80 mV (data not shown).
The voltage dependence of adaptation is consistent with, but does not prove, the hypothesis that calcium is acting at an intracellular site. It is conceivable that the adaptation mechanism is intrinsically voltage dependent: perhaps some element of the adaptation machinery spans the membrane and is able to sense membrane potential. However, another experiment shows that the voltage dependence requires the presence of extracellular calcium. In Fig. 5 , the I(X) curves were derived from triangle-wave stimuli, with the holding potential alternated between +80 and -80 mV. In 4 mM external calcium, there was a pronounced negative hysteresis due to adaptation at -80 mV, but not +80 mV, and the 1(X) curve at +80 mV was shifted to the left. Yet, in hair cells bathed in low external calcium (0.1 mM), hysteresis was limited and the voltage dependence of the resting 1(X) curve was less marked. This suggests that the voltage dependence of adaptation and of the I(X) curve are indirect consequences of calcium entry through ion channels.
Spatial Localization of the Action of Calcium. The only calcium-permeable channels known in hair cells that are open at -80 mV are the transduction channels themselves (17) , located at the tips of stereocilia (18) . If calcium must enter the stereocilia through transduction channels to reach its site of action, we can localize the site-and presumably the mechanism itself-by measuring how rapidly calcium reaches that site. Control of membrane potential offered a rapid way to change calcium entry. Fig. 6 Stimulus amplitude: A, 1 ,um; C, 0.8 Am. It was difficult to obtain an accurate measure of the steepness ofl(X) curves using triangle-wave stimuli, because adaptation was occurring continuously during the displacement.
the membrane potential was held at +90 mV there was little adaptation following a displacement step, but the adaptation rate abruptly increased (within 1-2 ms) when the cell was then hyperpolarized to -90 mV.
How far can calcium diffuse in 2 ms? We calculated the time course of intracellular calcium diffusion from the tip of a stereocilium, assuming a diffusion constant the same as in water and assuming no buffering within the stereocilium. The calculation thus represents a probable upper limit for distance. The result (Fig. 6, bottom trace) indicates that, after a step change in membrane potential, calcium increases rapidly expanded by a factor of 10) . The concentration axis in this trace is arbitrary, because the relative permeability of calcium is not known (9, 15) and because the exact voltage dependence of the permeability is not known.
at the tip of the stereocilium. At the base of a 6-pum stereocilium, however, there is no appreciable increase before 10 ms, and steady-state levels are nearly 100 times less. Thus, the site of calcium action is near or at the tips of the stereocilia; it could not reach the base or the cuticular plate in the short time it takes to change the adaptation rate.
Active Bundle Motion. Maintained positive displacements of the stereociliary bundle cause the compliance of the bundle to increase with the same time course as adaptation of the transduction current, suggesting that the tension in the elements that act on the transduction channels decreases (5) . The voltage dependence of the I(X) curve offers a further test of this hypothesis. If the tension on the channels normally contributes to the equilibrium of forces that maintains the bundle in its rest position, changing this tension by varying membrane potential should perturb the equilibrium and cause an unconstrained bundle to move actively to another position. How much should the bundle move? A simple model assumes that two "springs" dictate bundle position: the pivot point at the base of each stereocilium, and the gating springs, which are assumed to have the same geometry as the "tip links" seen in electron micrographs of hair cells (19) . The voltage dependence of the resting I(X) curve (Fig. 4) implies that depolarization increases the tension in the gating springs. For each pair of stereocilia in this model, increased tension would pull the taller stereocilium in the direction of the shorter until that tension is balanced by a restoring force exerted by the pivot spring. It can be shown that this displacement is approximately equal to Kg/Ks-AX, where Kg and KS are spring constants of the gating springs and pivot springs, respectively, and AX is the magnitude of the voltagedependent I(X) shift, 350 nm in these experiments. Ks has been determined by Howard and Hudspeth (13) to be 440 ,uN m-l; Kg is estimated from the steepness of our I(X) curve to be 49 ,uN m-l. Therefore, the predicted movement is =-40 nm. In fact, changing membrane potential did produce active bundle movements, which were clearly visible by eye using high-resolution video. In Fig. 7 , the membrane potential was initially held at -80 mV and a video image of the bundle was stored. This image was then subtracted from an image stored at +80 mV, so that only differences became visible. When the membrane potential was stepped to +80 mV, the tips of the stereocilia moved, and the difference declined to 0 at their bases, indicating a pivoting motion. No movement was evident in the cuticular plate or cell body. The magnitude of the movement, measured at the tip of the tallest stereocilium, was 22 nm in this cell. Depolarization to +80 mV always caused movement away from the kinocilium. Therefore, both the magnitude and direction of movement are consistent with the model. While we cannot at this point exclude some other voltage-dependent mechanism, it is likely that these movements are driven by tensioning and relaxing of the gating springs.
DISCUSSION
Our results suggest that calcium must enter the stereocilia to affect adaptation and, furthermore, that calcium's specific site of action is very near the transduction channels through which it enters. (It remains possible that adaptation of the transduction mechanism incorporates several different components, with different time courses. If so, a slow component that was not observed at this time scale could be located elsewhere.)
It has been assumed that the adaptation mechanism serves to set the resting bias on the transduction channels (3, 20) .
The joint dependence of the adaptation and the resting l(X) (4, 18, 19) and with the specific stiffness of each element measured by Howard and Hudspeth (5, 13) . Moreover, if these bundle motions are generated by the adaptation mechanism, it implies that the mechanism involves an active energyconsuming motor in the tips of the stereocilia.
Since the movement reported here involves a pivoting of stereocilia about their bases, it is clearly distinct from the voltage-dependent cell-body length changes reported in mammalian outer hair cells (21) . It is also apparently unrelated to the oscillations of bundle position that are synchronized with oscillations of membrane potential in turtle cochlear hair cells, as the direction of bundle movement was opposite that reported here (22) .
Several other groups have studied hair-cell transduction with whole-cell patch-clamp recording, and it is interesting that none has observed adaptation of this sort. Turtle cochlear hair cells (23) seem not to adapt to maintained displacements. It may. be that this process is most vigorous in hair cells of otolith organs. Chicken "vestibular" hair cells also do not show adaptation (9) ; in that study, it is unclear exactly which vestibular organs were used. Perhaps most surprising is the absence of adaptation in a careful patch-clamp study of bullfrog saccular hair cells (14) . These hair cells have been studied with a variety of preparations (3) (4) (5) ; in all others the adaptation was robust. While it is possible that slight technical differences between Holton and Hudspeth's and our experiments could account for the discrepancy, the results are consistent in one sense: Holton and Hudspeth found no adaptation, and they found no voltage dependence of the resting 1(X) curve (14) . We found both adaptation and voltage dependence in 4 mM extracellular calcium, and neither in 0.1 mM, further suggesting that the adaptation sets the resting bias on the transduction channels. These results suggest that voltage acts only indirectly on both processes, and that the primary modulator of the resting tension on the transduction channels is calcium entering the tips of the stereocilia.
